Introduction
[2] Direct climate forcing (DCF) by anthropogenic aerosol results from changes in top-of-atmosphere and surface net fluxes due to absorption and scattering of solar radiation. The absorption and scattering of solar radiation by anthropogenic aerosols also affects air quality as it impairs visibility. The magnitude of DCF and visibility impairment is affected by changes in particle light scattering due to water uptake under conditions of increasing relative humidity (RH). Chemical transport models (CTMs) generate concentration fields of individual aerosol chemical components (sulfate, particulate organic matter (POM), elemental carbon (EC), dust, and sea salt) which are then used as input to radiative transfer models (RTMs) for the calculation of DCF and air quality models for forecasting visibility. Currently, these calculations are performed with a variety of simplifying assumptions concerning the RH dependence of light scattering by the aerosol. Chemical components often are treated as externally mixed with a unique f ssp (RH) assigned to each component. In this context, sulfate and POM are treated independently such that f ssp (RH) for sulfate is based on theoretical calculations or laboratory measurements while POM is assumed to be hydrophobic or to have f ssp (RH) scalable to or equal to that of sulfate [e.g., Haywood et al., 1999; Chin et al., 2002] . However, both laboratory and field measurements indicate that POM that is internally mixed with water soluble salts can reduce the particles' hygroscopic response, which decreases their water content and their ability to scatter light at elevated relative humidities [e.g., Saxena et al., 1995; Carrico et al., 2005] . The complexity of the composition of POM and its impact on aerosol optical properties requires the development of simplifying parameterizations that allow for the incorporation of information derived from field measurements into calculations of DCF and visibility [Kanakidou et al., 2004] .
[3] We report here an analysis of data from INDOEX, ACE Asia, and ICARTT which has resulted in the development of a parameterization that quantitatively describes the relationship between POM mass fraction and f ssp (RH) for accumulation mode sulfate-POM mixtures. The resulting parameterization specific to POM-sulfate aerosol may be used in combination with f ssp (RH) values assigned to other chemical components for input into RTMs, air quality models, or for the assessment of values of f ssp (RH) currently used in these models. Hence, the parameterization may be used on global or regional scales for any externally mixed aerosol that contains an accumulation mode sulfate-POM mixture.
Measurements
[4] During INDOEX, ACE Asia, and ICARTT, simultaneous measurements were made of aerosol chemical composition and f ssp (RH) on one or more platforms. Table 1 gives experimental details. In all cases, nephelometers were used for the determination of f ssp (RH). Values of f ssp (RH) were determined by either scanning over a given RH range ($35 to 85% RH) or by operating two nephelometers in parallel with one at a low RH and one at a high RH (nominally <40% and $85%). To develop a parameterization to describe the f ssp (RH) behavior of accumulation mode sulfate-POM mixtures, it was necessary to minimize confounding influences from dust and sea salt which reside mainly in the coarse supermicrometer diameter aerosol. Hence, we have used only data that were collected when an impactor with a 1 mm 50% aerodynamic cutoff diameter at 55% RH was upstream of the nephelometers. We further limited the analysis to periods when the submicrometer size range contributed more than 50% to light scattering due to sub-10 mm diameter particles.
[5] Values of f ssp (RH) based on two-point RH measurements were calculated from scattering coefficients measured at a lower, reference RH, s sp (RH ref ) , and at a higher RH, s sp (RH), using
where scanning RH measurements were available, measured f ssp (RH) were fit based on observed curve structure [Carrico et al., 2003] . We express f ssp (RH) in terms of g s as shown in Equation (2) 
[6] On some platforms, SO 4 = , NH 4 + , NO 3 À , and organic carbon were measured by collecting particles less than 1 mm aerodynamic diameter with an impactor. SO 4 = , NH 4 + , and NO 3 À were analyzed by ion chromatography. Non-sea salt (nss) sulfate was calculated from a sea salt Na + to SO 4 = mass ratio of 0.252 [Holland, 1978] . Organic carbon (mg C m À3 ) was determined with a thermo-optical method and multiplied by a factor of 1.4 or 1.6 to convert to POM [Russell, 2003] . On other platforms, submicrometer diameter nonrefractory (NR) SO 4 = , NH 4 + , NO 3 À , and POM were measured with an Aerodyne Aerosol Mass Spectrometer (AMS). Here, NR refers to any species that volatilizes at $550°C. The AMS data from all experiments were compared to other instruments to correct for collection efficiencies less than unity (Table 1 ). The AMS also yields information about the degree of oxidation of the POM based on the fraction of the total POM at mass/charge (m/z) 44 or the m44/POM ratio. The peak at m/z 44 occurs in the mass spectra of heavily oxidized organic species such as di-and poly carboxylic acids [Allan et al., 2004] .
[7] The relative amount of POM and sulfate in the submicrometer aerosol was parameterized as F o where
and C O and C S are the measured mass concentrations of POM and SO 4 = , respectively. We focus on these two components since they make up the majority of the submicrometer diameter aerosol mass for the condition imposed here of a contribution of >50% of the measured light scattering by submicrometer aerosol.
Results and Discussion
[8] Values of g s and F O for INDOEX were based on measurements made at the Kaashidhoo Climate Observatory (KCO). For ACE Asia, measurements made on the C-130 and the NOAA RV Ronald H. Brown (RHB) and at Gosan were merged into one data set and normalized so that all platforms had equal weighting. Similarly, values from RHB and Chebogue Point were merged and normalized for the ICARTT data set. 
For all three regions, there is a trend of decreasing g s with increasing F o .
[9] Comparisons between f ssp (RH) derived from measurements (TSI scanning RH nephelometer) and Mie light scattering model calculations show agreement for NaCl and (NH 4 ) 2 SO 4 within 10% [Carrico et al., 2003; Kus et al., 2004] . Likewise, RHB measurements of f ssp (RH) at high RH during ACE Asia from TSI and Radiance Research scanning RH nephelometers demonstrated agreement within 10% for all air mass. Direct comparisons of f ssp (RH) from co-located platforms (C-130, RHB, Gosan) during ACE Asia revealed differences of 10 to 30% [Doherty et al., 2005] . Based on these results, the overall uncertainty when comparing measurements of f ssp (RH) from the three field experiments ranges between 10 and 30%. For f ssp (85, 40), a 10 to 30% change in f ssp (RH) corresponds to a 0.08 to 0.2 change in g s . Hence, the linear fits shown in Figure 1 are not significantly different when compared to the overall uncertainty. Merging the ACE Asia and ICARTT data sets and normalizing so that they are weighted equally yields the following single parameterization between g s and F O . 
INDOEX was not included in (7) due to the few data points available and the limited range of F o over which the measurements were made.
[10] The slope and y-intercept of the fits shown in Figure 1 can be explained, at least in part, by aerosol acidity and f ssp (RH) of the individual aerosol chemical components. Figure 2 shows are based on Mie scattering calculations performed with two assumed particle size distributions (geometric mean particle diameter based on number, D gn = 0.04 mm, geometric standard deviation, s sg = 1.5 and D gn = 0.2 mm, s sg = 1.5). These size distributions encompass the range observed during these experiments. Values f ssp (85, 40) of POM equal to 1.1, 1.35, and 1.7 also were assumed. The resulting curves capture most of the observed variability in the g s À F O dependence and fall, with a few exceptions, within the ±0.2 measurement uncertainty associated with g s .
[11] During ICARTT, RHB encountered continental air masses that left shore and reached the ship with no additional input of urban, industrial, or terrestrial aerosol source material. The shallow stable marine boundary layer minimized mixing from aloft [Angevine et al., 2004] and input of sulfur and POM from the ocean to the marine boundary layer was negligible given the low wind speeds. Under these conditions, the molar ratio of particulate SO 4 = to total sulfur (SO 4 = + gas phase SO 2 ) can be used as an indicator of the relative age of the sampled aerosol. Relatively young aerosol has a low SO 4 = /(SO 4 = + SO 2 ) ratio due to insufficient time for conversion of SO 2 to SO 4 = via gas and aqueous phase oxidation processes. As the aerosol ages and more SO 2 is converted to SO 4 = , the ratio increases. A comparison of SO 4 = /(SO 4 = + SO 2 ) to the acidity of the aerosol and the degree of oxidation of the organics suggests that aerosol age determines aerosol chemical composition and, hence, the slope and y-intercept of the F O À g s relationship.
Using a photochemical age calculated from measured toluene to benzene ratios [Roberts et al., 1984] yields a similar result but goes beyond the analysis presented in this paper.
[12] Figure 3 shows the differences in aerosol chemistry and g s as a function of aerosol age during ICARTT on RHB. Younger aerosol was more neutralized having NH 4 + /(NO 3 + 2SO 4 = ) molar equivalence ratios near 1 and a higher POM content relative to older aerosol. The POM that was present was less oxidized as indicated by low ratios of m44/POM. This chemical composition led to relatively low values of g s. As the aerosol aged, F O decreased due to increased SO 4 = from the oxidation of SO 2 with no additional significant input of POM. Increased SO 4 = with negligible oceanic sources of NH 3 led to acidification of the aerosol. In addition, the POM became more oxidized. The increased acidity, lower POM content, and higher degree of oxidation within the POM corresponded to higher values of g s in accordance with Figure 2 . Without knowing the composition of the POM, it is difficult to assess the relative importance of aerosol acidity and degree of oxidation of the organics in controlling g s .
Conclusions
[13] Measurements made downwind of the Indian subcontinent, Asia, and northeastern U.S. all reveal a common trend of decreasing f ssp (RH) with increasing mass fraction of POM. Highest values of f ssp (RH) corresponded to relatively old aerosol that was acidic, had a low POM mass fraction, and a high degree of oxidation of the existing POM. In contrast, lowest values of f ssp (RH) corresponded to younger, more neutralized aerosol that had a higher POM mass fraction containing less oxidized material. Aerosol aging and the resulting chemical processing of the aerosol significantly impact f ssp (RH) of sulfate-POM mixtures.
[14] Based on these data, a relationship between f ssp (RH) and the POM mass fraction has been quantified for accumulation mode sulfate-POM aerosol. This simplified parameterization may be used as input to RTMs to derive values of f ssp (RH) based on CTM estimates of the POM mass fraction. Alternatively, the relationship may be used to assess values of f ssp (RH) currently being employed in RTMs. Similarly, the parameterization may be used in air quality forecast models. Continued simultaneous measurements of f ssp (RH) and aerosol composition at different regions and times of year and the exploration of factors beyond F O , acidity, and oxidation of the POM will improve the parameterizations presented here. 
